Muonic hydrogen (μp) is a very sensitive probe of the proton structure. Laser spectroscopy of two 2S-2P transitions in μp was used to determine both the Lamb shift and the hyperfine splitting of the 2S state in μp. The rms charge radius of the proton, R ch = 0.84087(39) fm, was extracted from the Lamb shift. The Zemach radius of the proton, R Z = 1.082(37) fm, was obtained from the 2S-hyperfine splitting. This article summarizes the previously published findings.
Introduction
The exotic muonic hydrogen atom (μp) is made from a proton and a negative muon. Due to its large mass m μ ≈ 200 m e , the muon's Bohr radius is nearly 200 times smaller than the corresponding Bohr radius in (regular) electronic hydrogen (H), causing a 200 3 ≈ 10 7 times increase in the muon's wavefunction overlap with the proton. Sensitivity to nuclear structure corrections is correspondingly increased making laser spectroscopy of μp energy levels a very sensitive probe of e.g. the charge and Zemach radii of the proton.
We have recently determined the 2S-2P energy splitting (Lamb shift) and the 2S hyperfine splitting (HFS) in μp for the first time [1, 2] (see Fig. 1 ).
Method
We have built a novel beam line for negative muons at low-energy (3-6 keV). About 600 μ − per second enter a 200 mm long hydrogen gas target, filled with 1 hPa H 2 gas at room temperature. Roughly half of the muons stop, in a 200 mm long stop volume, with width and height of 12 mm and 5 mm, respectively. Before entering the H 2 target, the muons are individually detected in two sets of ultra-thin carbon foils. Electrons ejected from the foils create a signal in plastic scintillators read out by photomultiplier tubes [3] . With efficiencies of 80% and 71% for the two foil detectors, we obtain 330 s −1 coincidences, each indicating the arrival of a muon. Muons slow down in the target gas and are eventually captured by an H 2 molecule. The molecule breaks up and a muonic hydrogen atom μp is formed at a high principal Lamb shift
2S hyperfine splitting 2P fine structure charge radius effect λ = 6 μm λ = 5.5 μm Figure 1 Level scheme of the n = 2 states in μp. The Lamb shift is dominated by vacuum polarization which shifts the 2S state below the 2P 1/2 state. There is a 2% contribution of the proton charge radius to the Lamb shift. The 2S hyperfine splitting is affected by the Zemach radius of the proton (not shown).
quantum number n ≈ 14. Several processes contribute to the deexcitation of the μp atom [4] [5] [6] [7] . In the end, about 1% of the stopped muons form μp atoms in the metastable 2S state, whereas the remaining 99% of the muons proceed to the 1S ground state via emission of Lyman x-rays (K α at 1.9 keV, K β at 2.2 keV, etc.) [8] . The lifetime of the 2S state is about 1 μs at 1 hPa H 2 gas pressure, limited by collisional deexcitation [9, 10] . Above and below the muon stop volume, two rows of 10 large area avalanche photo diodes (LAAPDs, each with an active area of 14 × 14 mm 2 ) are mounted, at a distance of about 8 mm from the muon beam axis. The LAAPDs detect muonic K-x-rays with a time resolution of 35 ns and an energy resolution of 30% (FWHM) [11] .
An incoming muon triggers the laser system [12, 13] . It provides 5 ns long pulses of 0.25 mJ energy, tunable from 5.5 μm to 6 μm. A key requirement is a time delay of less than 1 μs (dictated by the lifetime of the μp(2S) state) between the randomly occuring muon trigger and light output. This short delay is accomplished by a cwpumped, pulsed Yb:YAG oscillator producing pulses at 1030 nm, only 200 ns after a trigger [13] . After amplification and second-harmonic generation, these pulses are used to pump a pulsed Ti:sapphire laser system which is seeded by a cw Ti:sapphire ring laser. The 15 mJ pulse of red light around 708 nm obtained from the Ti:sapphire laser system is then converted to the desired 5.5-6 μm infrared (IR) wavelength by three sequential Stokes shifts in a high-pressure H 2 Raman cell [12] . The wavelength of the IR light is tunable by changing the wavelength of the cw Ti:sapphire laser. The IR wavelength is calibrated with an accuracy of 300 MHz against well-known water vapor absorption lines.
A multipass mirror cavity inside the hydrogen gas target ensures homogeneous illumination of the muon stop volume. On resonance, laser-induced muonic hydrogen 2S-2P transitions are signalled by the observation of K α x-rays from the subsequent 2P-1S deexcitation.
Results
The Lamb shift in μp was determined as 202.3706(23) meV, corresponding to a relative uncertainty u r = 11 ppm. The 2S-HFS was found to be 22.8089(51) meV (u r = 224 ppm).
From the Lamb shift and the 2S-HFS we deduce the proton's rms charge radius R ch = 0.84087 (26) exp (29) th fm = 0.84087(39) fm (1) and the Zemach radius R Z = 1.082 (31) exp (20) th fm = 1.082 (37) fm,
respectively [2] , using up-to-date theory of QED and nuclear structure effects, recently summarized in Ref. [19] .
The charge radius of the proton
The charge radius R ch in Eq. (1) is an order of magnitude more precise than the most recent CODATA-2010 value of R CODATA ch = 0.8775(51) fm [16] , but differs by 7 standard deviations (7σ ) from it. The CODATA value is obtained from 2 sources, precision spectroscopy in hydrogen (H) and deuterium (D), and elastic electronproton (e-p) scattering. H/D spectroscopy yields R H/D ch = 0.8758(77) fm [16] , and e-p scattering recently performed in Mainz gives R Mainz ch = 0.879(8) fm [17] . Another value recently obtained at Jefferson Lab (JLab) by polarization transfer measurements in e-p scattering is R JLab ch = 0.875(10) fm [18] , again in agreement with the other electronic values, but in disagreement with the muonic value.
One should note, however, that analysis of scattering data using dispersion relations has traditionally yielded Figure 2 Recent determinations of the rms charge radius of the proton. Muonic hydrogen [1, 2] agrees with dispersion relation (DR) fits [14, 15] . Spectroscopy in H and D [16] agree with recent elastic e-p scattering from Mainz [17] and JLab [18] . The CODATA-2010 value [16] is mainly based on H/D and Mainz.
a proton charge radius in agreement with the muonic hydrogen value [14, 20] . Recently, this method has also been applied to the new Mainz data of Ref [17] , yielding R DR ch = 0.84(1) fm [15] , again in excellent agreement with the muonic value, albeit with a larger χ 2 of the fit to the data. The situation is depicted in Fig. 2 
The proton radius puzzle
The 7σ discrepancy between the charge radius from muonic hydrogen and the CODATA value has puzzled the physics community for three years now, but no solution has been generally accepted. Briefly, proton charge distributions with bumps or tails have been refuted by e-p scattering data [24] . Molecular effects in muonic hydrogen can also not be responsible for a significant shift of the resonance and therefore of R ch [25] . An unexpectedly large proton polarizability contribution to the Lamb shift in muonic hydrogen [26, 27] seems unlikely [28] . Physics beyond the Standard Model needs delicate fine tuning to evade constraints from many precision measurements [29] . For a recent review see Ref. [30] .
The Zemach radius of the proton
The Zemach radius of the proton, R Z , enters the description of the hyperfine splitting (HFS) in electronic and muonic hydrogen. The HFS originates from the interaction of the lepton and proton magnetic moments. A convolution of the charge and magnetization distribu- Figure 3 Recent determinations of the proton Zemach radius from H [21, 22] , e-p scattering [23, 24] and the 2S HFS in muonic hydrogen [2] .
tions appears as a result of the finite magnetic size of the proton and the distortion of the lepton's wave function due to the finite charge distribution of the proton:
Here, ρ ch (r) and ρ mag (r) are the (normalized) radial charge and magnetization densities of the proton, respectively. G E and G M are the electric and magnetic form factors of the proton. The Zemach radius from μp is in agreement, but less accurate than the previous values from the HFS in H [21, 22] , and e-p scattering [23, 24] (see Fig. 3 ):
-The 2S-HFS of 5 THz was determined from the difference of two Lamb shift transitions at 55 THz and 50 THz. This results already in an increase in (relative) uncertainty by more than an order of magnitude. -The Zemach radius contributes only 0.7% of the 2S HFS in μp. In contrast, the charge radius effect on the Lamb shift is as large as 2%.
Muonic hydrogen may provide an improved value of the Zemach radius in the future.
The Zemach radius relates the electric and magnetic form factors of the proton (Eq. (3)). A more accurate value of R Z from muonic hydrogen may therefore be able to resolve the long-standing discrepancy in the measured form factor ratio G E /G M between Rosenbluth and polarization transfer measurements [32] . Figure 4 Accuracy of the Rydberg constant over time. The green triangles denote least square adjustments like CODATA [16] . Red squares are the values deduced from the 1S-2S transition frequency in hydrogen [31] using the proton charge radius from muonic hydrogen [1, 2] .
Rydberg constant and the charge radius of the deuteron
Combining the proton charge radius from muonic hydrogen (Eq. (1) [31] . When combined with the muonic R ch and QED theory [16] , we obtain R ∞ = 3.289 841 960 249 5 (10) radius (25) QED × 10 15 Hz/c
which is six times more precise (u r = 8 × 10 −13 ) than the CODATA-2010 value [16] (Fig. 4) . Uncertainties of QED theory in electronic hydrogen H constitute the main uncertainty of 2.5 kHz/c in R ∞ . The uncertainty from the proton charge radius is only 1.0 kHz/c. The isotope shift of the 1S-2S transition in H and D is sensitive to the difference of the squared charge radii of the deuteron and the proton. Both experiment [33] and theory [34] have recently been improved by an order of magnitude. Combined with the muonic proton radius R ch we obtain a deuteron charge radius
ten times more precise than the CODATA-2010 value R ch (d) = 2.1424 (25) fm [16] . The Lamb shift in muonic deuterium, performed by our group, may be able to shed some light on the radius puzzle. Nuclear structure corrections to the Lamb shift and hyperfine splitting in muonic deuterium are however large and difficult to calculate [35] .
Outlook
The proton radius puzzle persists after nearly three years. More data is needed to find its origin. Precision spectroscopy of simple atomic systems may resolve the puzzle [36, 37] . A measurement of the Lamb shift in muonic helium ions is planned for this year [38] .
